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013.04.0Abstract Transient control law ensures that the aeroengine transits to the command operating
state rapidly and reliably. Most of the existing approaches for transient control law design have
complicated principle and arithmetic. As a result, those approaches are not convenient for applica-
tion. This paper proposes an extrapolation approach based on the set-point parameters to construct
the transient control law, which has a good practicability. In this approach, the transient main fuel
control law for acceleration and deceleration process is designed based on the main fuel ﬂow on
steady operating state. In order to analyze the designing feature of the extrapolation approach,
the simulation results of several different transient control laws designed by the same approach
are compared together. The analysis indicates that the aeroengine has a good performance in the
transient process and the designing feature of the extrapolation approach conforms to the elements
of the turbofan aeroengine.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
When the aeroengine’s parameters change along with time, the
aeroengine turns into the transient state. Strictly speaking, the
aeroengine almost operates in the transient state momently. In
the transient process, the aeroengine’s performance will be dra-
matically changed within a short time. So, two problems
should be taken into account for designing the transient con-
trol law. The ﬁrst problem is to adjust the aeroengine’s operat-82317406.
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27ing condition so that the engine can transit to the new state
smoothly. And the second problem is to ensure that the
aeroengine’s parameters do not surpass the physical limit dur-
ing the transient process.
In the general design approach, the transient control law is
designed by the functional optimization method based on the
aeroengine’s dynamic characteristic calculation, and the
designing aim is to search a function of the transient control
law which makes the acceleration or deceleration time mini-
mum. Howlett et al.1 investigated an adaptive arithmetic
aimed at the fuel control problem in 1984. In the next year,
Achgill and Zaganranski2 made a testing on the adaptive fuel
control, which indicated that the adaptive fuel control dis-
played a good performance. However, the general approach
is not convenient for application due to its complicated arith-
metic. Therefore, it is necessary to develop a convenient and
practical approach to design transient control law.SAA & BUAA. Open access under CC BY-NC-ND license.
(a) Operating line on characteristic map
(b) Main fuel line for transient control law
Fig. 1 Sketch map of the extrapolation approach.
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transient control law design. For example, Ni and Liu3 con-
ducted a research on design of acceleration control law for
minimum time in 1992. Shi and Fan4 conducted a research
on optimal acceleration control of turbofan engine with genet-
ic algorithm in 2003. Zhao et al.5 accomplished a global opti-
mization approach to aeroengine under transient conditions in
2007. These papers make use of various optimization arithme-
tic to design the transient control law and obtain some signiﬁ-
cative conclusions. However, all these productions are still
developed based on the general design approach. Conse-
quently, they are lack of practicability. In recent years, Chen
et al.6 creatively proposed a power extraction method for tran-
sient control law designing in 2008. In this method, the virtual
power extraction of high pressure shaft was introduced to
make the steady state operating points (line) move away from
normal operating points (line) along the constant corrected
line of compressor, and the speed of high pressure rotor main-
tained at given values. Then one year later, Chen and Fan7,8
made some improvements on their power extraction method
proposed in 2008, so that the improved method became more
convenient for application. Nevertheless, there is still an incon-
venience in the improved power extraction method. In order to
obtain the extraction power, iterative calculation is needed for
calculating the aeroengine’s steady state nonlinear equation
group.
The purpose of this paper is to propose a convenient and
applicable extrapolation approach for transient control law de-
sign which has a good practicability and tries to avoid the
inconvenience in the existing approaches. In the extrapolation
approach, the main fuel control law of acceleration and decel-
eration can be acquired by increasing and decreasing the main
fuel ﬂow condition of steady states. Moreover, based on the
engine’s performance calculation, it should be validated
whether the dynamic performance is satisﬁed with our demand
and whether the aeroengine exceeds its physical limit.
2. Extrapolation approach
This section begins with an illustration for the theory of the
extrapolation approach and follows up with a detailed descrip-
tion of the design steps and design theory analysis.
2.1. Design steps
The extrapolation approach for transient control law design is
based on the set-points on the steady state operating line. At
each operating point of given corrected high pressure rotor
speed n2cor, a small increment (plus or minus) is made to the
main fuel ﬂow WF gradually. Consequently, the operating
point of the high pressure compressor (HPC) moves up or
down from the set-point of steady state along the constant
n2cor line. Moreover, the surge margin limit of the compressor,
total temperature limit of high pressure turbine (HPT) en-
trance total temperature T4, the ﬂameout limit of the combus-
tor and the actuator’s dynamic response limit should be
considered. Concretely, the design steps of extrapolation ap-
proach are expatiated as follows.
Step 1 Fit the main fuel line at the steady state by the least
square method, making use of the steady state parameters.The steady state operating line is connected by A, B, C and
D in Fig. 1(a). The steady state parameters can be captured
from the operating line. Then the main fuel line of steady
state is ﬁtted in Fig. 1(b), which is also marked by A, B,
C and D. The main fuel control law can be described asðW =p Þ ¼ f ðn ÞFs 3s cor s 2cor
where WFs and p3s respectively denote the main fuel ﬂow and
compressor exit pressure at the steady state; subscript ‘‘cor’’
denotes corrected value; fs() denotes the function of main fuel
control law.
Step 2 Extrapolate the transient main fuel ﬂow based on the
WF of steady state at the given n2cor. Introduce an extrapo-
lation coefﬁcient K into the main fuel line and gradually
add a small increment to K, K= 1+ j · DK (j= 1, 2,
. . .). Fig. 1(a) describes the characteristic map, the abscissa
WHPC,cor is corrected air mass ﬂow of HPC and the ordi-
nate pC is pressure ratio. As is displayed in Fig. 1(a), the
prospective acceleration operating point moves up along
the ﬁrst n2cor line (i= 1). Then the main fuel line for tran-
sient control becomes
ðWFtrs=p3Þcor;i ¼ Kifsðn2cor;iÞwhere (WFtrs/p3)cor,i and n2cor,i denote the fuel ratio and cor-
rected rotor speed at No.i constant n2cor line, and i denotes
the sequence of the n2cor line (i= 1, 2, . . .); WFtrs denotes
the main fuel ﬂow for transient state.
Fig. 2 Flowchart of extrapolation approach.
Fig. 3 Mass balance of HPC and HPT described in character-
istic map of HPC.
1108 X. Kong et al.The transient main fuel ﬂow at the given n2cor can be de-
scribed as
WF;i ¼WFcor;i p2
ﬃﬃﬃﬃﬃ
T2
p
0:101325
ﬃﬃﬃﬃﬃﬃﬃ
288
p
where p2 and T2 denote total pressure and temperature of the
engine entrance; WFcor denotes corrected main fuel ﬂow.
Step 3 Calculate the engine’s static performance under the
condition of n2cor;i ¼ const and W F;i ¼ const. Then calculate
the transient performance to examine whether theWF slope
has exceeded the actuator’s dynamic response limit. If all
the conditions below are satisﬁed,
SMi > SMDsðn2cor;iÞðaccelerationÞ
T4;i < T

4;lmtðn2cor;iÞðaccelerationÞ
WF;i > WF;lmtðn2cor;iÞðdecelerationÞ
_WF;i < _WF;lmtðacceleration & decelerationÞ
j= j+ 1, and return to the Step 2; or else, go to the next step.
Wherein, SMDs(n2cor,i), T

4;lmtðn2cor;iÞ,WF,lmt(n2cor,i) respectively
denote the surge margin limit of the compressor, total temper-
ature limit of T4 and the ﬂameout limit of the combustor at the
given corrected rotor speed n2cor,i; _WF;lmt denotes the actuator’s
dynamic response limit.
Step 4 The W F;i in Step 2 is the main fuel ﬂow of the tran-
sient control law at the given corrected rotor speed n2cor;i.
Step 5 Set i= i+ 1, calculate the transient main fuel ﬂow
at the next given n2cor. Goto Step 2 until i= imax.
Step 6 Based on the W F;i obtained at each given n2cor, ﬁt the
main fuel line for transient control law. As is shown in
Fig. 1(b), the acceleration main fuel control law is con-
nected by A0, B0, C0 and D0. In Fig. 1(b), the ordinate
WF/p3 is fuel ratio.
For the design object is directly to the WF, there is no need
for iterative calculation in design process. The aeroengine’s
performance can be validated by model calculating. The ﬂow-
chart of the extrapolation approach is shown in Fig. 2. And in
the next section, the design theory of the extrapolation ap-
proach will be analyzed based on the co-operation elements
of the aeroengine and the design approach can be explained
in a mathematical way.
2.2. Design theory analysis
In this case, the control law conﬁrms that the n2cor keeps a con-
stant. In steady operation state, the core engine satisﬁes the
mass balance equation and the power balance equation which
are described as follows:9
WHPC WHPT ð1Þ
pHPC ¼ pHPT ð2Þ
Deduce the mass balance Eq. (1) using the thermodynamics
formula in aeroengine, and the mass balance equation of HPC
and HPT transforms to the following form.9
pC ¼ const 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
T4=T25
p
WHPC;cor ð3Þwhere T25 denotes the entrance total temperature of HPC, T4
denotes the entrance total temperature of HPT and WHPC,cor
denotes the corrected air mass ﬂow of HPC.
The mass balance Eq. (3) is described in the HPC character-
istic map in Fig. 3. According to Eq. (3), it can be concluded
that if the ratio T4/T25 is set to be a series of constant, the
Eq. (3) becomes a hank of beelines in the HPC characteristic
map. And furthermore, the beelines gradually close up to the
surge margin when the ratio is increased.
The extrapolation approach directly regulates theWF at the
steady operation point to search the WF for transient control
law. When the WF is increased, T4 will rise owing to the con-
versation of energy. As a result, the ratio of T4/T25 is suddenly
enhanced and the power of HPT will be subsequently increased
according to Eq. (4).
pHPT ¼ cpgT4 1 pð1cgÞ=cgT
h i
gTWHPT ð4Þ
Then the power balance equation of HPC and HPT tends to
imbalance. According to the rotor dynamic equation, n2 tends
to rise.
(a) Acceleration and deceleration progress of n2
(b) WF select in the controller
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dn2
dt
¼ pHPT  pHPC ð5Þ
where cg denotes the gas adiabatic exponent, gT the turbine
component efﬁcient, pT the turbine pressure ratio, cpg the gas
speciﬁc heat at constant pressure, DH the dynamic coefﬁcient
of the n2.
However, as n2cor is restricted to a given constant in the
aeroengine model beforehand, the pHPC is inclined to increase
in order to keep the power balance in Eq. (5). So, in Fig. 3 the
operation point on the HPC characteristic map will remove
along the n2cor line. According to Eq. (3), when the ratio of
T4/T25 is suddenly enhanced, the operation point will move
up along the given n2cor line.
In this wise, when the new balance is achieved, the static
performance can be calculated by the engine model. And the
static performance is basically consistent with that of the tran-
sient process. Therefore, if certain number of corrected rotor
speeds are chosen and the surge margin limit of compressor,
turbine inlet total temperature limit, and ﬂameout limit for
combustor are satisﬁed, once WF is increased as much as pos-
sible, the fuel ﬂow supply of combustor at these steady states
will approach to minimum-time control law.
The design process is similar in deceleration. To the control
law whose objective is the minimum of the acceleration and
deceleration time, the law designed by extrapolation approach
is close to optimization. Due to the direct design of WF, the
iteration for calculating the aeroengine’s steady state nonlinear
equation group is avoided.
3. Presentation of results
In this section, a design example for transient control law is gi-
ven to validate the effectiveness of the extrapolation approach.
In order to design the transient control law, ﬁrst of all, the
main fuel line of steady state should be ﬁtted. Then make
the extrapolation to obtain the transient control law based
on the steady main fuel line. Ultimately, the transient control
law designed by extrapolation approach is illustrated in Fig. 4.
In the plot, the main fuel line of steady state can be de-
scribed as the function below:
ðWF=p3Þcor ¼ 0:76 n22cor þ 2:28 n2cor  0:69Fig. 4 Transient control law of WF by extrapolation approach.
(c) Operating lines in the characteristic map of HPC
(d) Acceleration and deceleration progress of T5 
Fig. 5 Engine’s performance in transient process.
1110 X. Kong et al.The main fuel line for acceleration can be described as follows:
ðWF=p3Þcor ¼ 5:04 n22cor þ 8:35 n2cor  2:45
And the main fuel line for deceleration can be described as
follows:
ðWF=p3Þcor ¼ 0:75 n22cor þ 1:36 n2cor  0:29
In order to validate the effectiveness of the transient control
law, the aeroengine steps from idle state tomaximum state at the
40th second and then goes down to the idle state again at the
70th second. The performance of the engine in the transient pro-
cess is indicated in Fig. 5. The experiment is carried out under
closed loop condition and the PI controller is designed.10–12
Fig. 5(a) shows the response process of n2. It can be seen that
the acceleration and deceleration time are both less than 7.0 s,
and there is almost no overshoot in the step response process.
Fig. 5(b) shows the main fuel selecting condition in the control-
ler. At the beginning of the acceleration process, the main fuel
switches to the acceleration line from steady state line. Themain
fuel will not switch to the steady state line, until the engine is
close to the new state. As is shown in the chart, the main fuel
selecting condition is the same in deceleration process. Fig. 5
(c) implies the operating lines in the characteristic map of
HPC. The ordinate PR denotes pressure ratio and the abscissa
W denotes the mass ﬂow. The surge margin is about 20.5% in
the acceleration process and the ﬂameout does not occur in
deceleration process. Fig. 5(d) illustrates that the turbine exit to-
tal temperature T5 does not exceed the limit during the acceler-(a) Acceleration and deceleration progress of n2
(b) WF select in the controller
Fig. 6 Engine’s transient performance under the conditions of
H= 5 km, Ma= 0.7.ation process. In summary, the transient control lawdesigned by
extrapolation approach plays an effective role in the transient
process. The simulation results reveal that the aeroengine re-
sponds rapidly during the transient state and has good stability.
Furthermore, for the sake of validating the effectiveness of
the control law over the full ﬂight envelope, the transient exper-
iment is also carried out at different altitudesH andMach num-
bersMa. The simulation results are exhibited in Figs. 6 and 7.
Figs. 6(a) and 7(a) show that the engine has a fast response
to the step signal even at different altitudes and Mach num-
bers. Both the acceleration and deceleration process can be
accomplished in 7.0 s. Figs. 6(b) and 7(b) reveal that the tran-
sient control law acts a proper effect in the controller. There-
fore, the extrapolation approach is effective over the ﬁght
envelope. However, as a design approach, the extrapolation
approach should have a regular designing feature. In the next
section, a profound analysis will be made on the designing fea-
ture of extrapolation approach.
4. Designing feature analysis
In this section, the designing feature of the extrapolation approach
is analyzed by experiments for acceleration and deceleration con-
trol law. In both accelerating anddecelerating process, three differ-
ent main fuel lines are successively given as the control law of the
aeroengine. Furthermore, the engine’s parameters under different
control laws are comparedwith each other. Bymeans of analyzing
the variety feature of the parameters, we can make the conclusion(a) Acceleration and deceleration progress of n2
(b) WF select in the controller
Fig. 7 Engine’s transient performance under the conditions of
H= 10 km, Ma= 1.0.
 (a) WF  lines for accelerating control law  (b) Operating lines in the characteristic map of HPC 
(c) Actual WF of different acceleration lines  (d) n2 of different acceleration lines  
(e) T5 of different acceleration lines 
Fig. 8 Comparison of different acceleration lines.
Table 1 Aeroengine’s performance of acceleration process.
Accelerating line Accelerating time (s) SM (%) T5 redundancy (K)
1 3.5 20.4 39
2 4.5 25.0 84
3 3.2 14.8 36
An extrapolation approach for aeroengine’s transient control law design 1111whether the extrapolation approach has a regular and controllable
designing feature.
4.1. Acceleration analysis
In this experiment, three main fuel accelerating lines are given as
the control law in turn. The aeroengine steps from idle state to
maximum state, then the operating lines on the characteristic
map of HPC corresponding to the three main fuel lines are
displayed to analyze the designing feature, as well as the
response of n2 and T5 in the acceleration process, as is shown
in Fig. 8.
Three different acceleration lines of WF are plotted in
Fig. 8(a), which can be described as follows.Accelerating line 1:
ðWF=P3Þcor ¼ 5:04 n22cor þ 8:35 n2cor  2:45
Accelerating line 2:
ðWF=P3Þcor ¼ 3:38 n22cor þ 5:77 n2cor  1:55
(a) WF lines for deceleration control law
(b) Operating lines in the characteristic map of HPC
(c) Actual WF of different deceleration lines
(d) n2 of different deceleration lines
Fig. 9 Comparison of different deceleration lines.
1112 X. Kong et al.Accelerating line 3:
ðWF=P3Þcor ¼ 5:54 n22cor þ 9:19 n2cor  2:75
The functions indicate that the fueling condition of acceler-
ating line 2 is weaker than accelerating line 1. On the other
hand, the fueling condition of accelerating line 3 is stronger
than accelerating line 1.
From Fig. 8(b) we can see the operating line of the aeroen-
gine tends to be close to the surge margin while the fueling con-
dition is enhancing. Fig. 8(c) shows the actual main fuel under
different control laws. The slope of WF is increasing with the
fueling condition and the 3rdWF line nearly overlaps the actu-
ator’s mechanical limit. As a result, the slope of high pressure
rotor speed is increasing withWF, as is shown in Fig. 8(d). The
accelerating time is about 3.5 s under the control law of Accel-
erating line 1, and it increases to 4.5 s under the control law of
Accelerating line 2. Meanwhile, it decreases to 3.2 s under the
control law of Accelerating line 3. Fig. 8(e) shows that the
overshoot of T5 is also proportional to the fueling condition.
It even exceeds the limit under the control of Accelerating line
3. The engine’s performance is listed in Table 1.
In summary, the dynamic performance is improved along
with the enhancement of fueling condition. However, the
aeroengine’s stability is getting worse. The dynamic perfor-
mance and stability are opposite and uniform in the accelera-
tion process. For the design of acceleration control law, we
should compromise the demands of dynamic performance
and stability.13–16
4.2. Deceleration analysis
In this experiment, three main fuel decelerating lines are given
as the control law in turn. The aeroengine steps from a throt-
tling state to idle state. The aeroengine’s performance is illus-
trated in Fig. 9.
The functions indicate that the second decelerating line’s
fueling condition is weaker than the ﬁrst decelerating line.
On the other hand, the third decelerating line’s fueling condi-
tion is stronger than the ﬁrst decelerating line.
From Fig. 9(b) it can be seen that the operating line of the
aeroengine tends to be close to the ﬂameout limit while the
fueling condition is weakening. Fig. 9(c) shows the actual main
fuel under different control laws. The slope of WF is propor-
tional to the fueling condition. As a result, the slope of high
pressure rotor speed is proportional to the slope of WF, as is
shown in Fig. 9(d).
In conclusion, similar to the acceleration process, the dy-
namic performance is improved along with the weakening of
fueling condition. Synchronously, the aeroengine is close to
the ﬂameout limit.5. Conclusions
(1) As a simple engineering approach, the extrapolation
approach is effective for transient control law designing.
The aeroengine has a good dynamic performance
under the effect of control law. The acceleration and
An extrapolation approach for aeroengine’s transient control law design 1113deceleration process will be accomplished within 7.0 s.
Meanwhile, the surge margin limit and the temperature
limit do not exceed their threshold.
(2) The extrapolation approach has a regular and controlla-
ble designing feature, therefore it is universal for appli-
cation. By regulating the control law of main fuel ﬂow,
the performance in acceleration and deceleration process
can be adjusted according to the performance
requirement.
(3) The extrapolation approach is successful in avoiding the
inconvenience in the existing approaches for transient
control law design. This approach has no use for realiz-
ing the complicated optimization arithmetic in the tradi-
tional approach, and furthermore, the iterative
calculation in the power extraction method is also
avoided.Acknowledgement
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